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Spin dynamics of double-exchange manganites with magnetic frustration
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This work examines the effects of magnetic frustration due to competing ferromagnetic and antiferromag-
netic Heisenberg interactions on the spin dynamics of the double-exchange model. When the local moments are
noncolinear, a charge-density wave forms because the electrons prefer to sit on lines of sites that are coupled
ferromagnetically. With increasing hopping energy, the local spins become aligned and the average spin-wave
stiffness increases. Phase separation is found only within a narrow range of hopping energies. Results of this
work are applied to the field-induced jump in the spin-wave stiffness observed in the manganitaRO;
with 0.3=x<0.4.
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The persistence of antiferromagnetisFM) short-range  modelg provides several advantages as a basis for under-
order below the Curie temperartufg of the manganites has standing the effects of magnetic frustration on the spin dy-
been known for many yeatsClose to but belowl¢, metallic  namics. First, it is one of the simplest periodic models that is
manganites such as §#CaMnO; contain polaronic  magnetically frustrated, which can be controlled through the
regions'* that are responsible for the coexistence of propaparameter,. In contrast to the case in a DE model with AFM
gating and diffusive spin dynamiédn the remarkable com- interactions between all neighboring local moméfit$ a
pound Py_,CaMnO; with 0.3<x=<0.4, the low-temperature homogeneous CAF phase is stable against phase sep#tation
ferromagnetiqFM) insulating phase was 0r|g|na_lly bell_eved except in a very narrow region of parameter space. Second,
to be a canted AFMCAF)>® but probably contains regions pnjike a model with AFM exchange only, the DEV model
with both FM and AFM short-range ordéf. When an ap- supports FM order even whers0 andB=0. So it can be

plied field B exceeds about 3 T, the resistivity drops by SeV-sed to track the chanae i ;
; ; . ge in SW stiffnd3g, as the electrons
eral orders of magnituciethe AFM regions shrink,and the become mobile. Third, because it contains both FM and

spin-wave(SW) stiffnessDy,, jumps by a factor of 3.De- . . .
spite the recognition that short-range AFM order plays a cenfFM Heisenberg interactions, the DEV model can be used to

tral role in the manganites, little is known theoretically aboutStUdy msglatmg manganites such ag &€& 3MnO;, where
how long-wavelength SW's are affected by propagatin _the AFM interactions arise from guperexchange_and the FM
through both FM and AFM regions. Because electron hopinteractions from short-range orbital and polaronic oﬂéé?._
ping is hampered by the misalignmnent of the local For simplicity, our mo_del is translat!onally symmetric
momentst® AFM interactions may be expected to suppressWith the FM and AFM Heisenberg couplings arranged peri-
the contribution of electron-mediated double-exchagig)  odically in two dimensions. In the low-temperature phase of
to the SW dynamicé! This paper examines the effects of Plo.s/Ca 3dMnOs, the FM interactions may be confined to
AFM interactions and noncollinearity on the SW dynamicstwo-dimensional sheets in a “red cabbage” structBet for

of electrons coupled to the local moments of a generalizetvavelengths longer than the thickness ~25 A of the FM
Villain model 2214 Qur results strongly suggest that the jump sheets, the SW's will average over the FM and AFM regions.
in the SW stiffness observéih Pr, ,Ca, ;MnO; is produced  So the DEV model will provide qualitiatively accurate pre-
by a sharp increase in the hopping energy at the critical field (@) (b)

rather than by the alignment of the AFM regions.

As pictured in Fig. 1a), the three-dimensional local mo-
mentsS; of the generalized Villain model are coupled by the
FM interactiond along they direction and by either the FM
interactionJ or the AFM interaction -J along theX direc-

tion. A zero-temperature CAF phase is stabilized whgn J J J J ©
exceedsy,, which is 1/3 wherB=Bz=0 but increases a8 a d a0 o g 1a
increases. Villain’s original mod& set =1, which is the

condition for full frustration. Due to the different environ- J J J J

ments of thea and b sites, the angles, at theb sites is b o) b nd fe omd I

always larger thard, at thea sites, as shown in Fig.(l).
Within our hybrid model, the Heisenberg interactions be-

tween the local moments are given by the generalized Villain - F|G. 1. (a) The generalized Villain model with nearest-neighbor

model while electrons with density=1-x are FM coupled  Heisenberg couplingd or —7J, (b) the local moments in thez

to the local moments by Hund’s couplinly; and hop be- plane subtend angles, and 4, with the z axis, and(c) the electron

tween neighboring sites with energyThe DEV model(so  spins also lie in thez plane but subtend angleg < 6, and ¢, < 6

called because it combines the DE and generalized Villainvith the z axis.
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dictions for the average SW stiffne®®2 =(D%,+D%,)/2, 14F=T T 1059
which is defined in the long-wavelength limit. ‘\\ =3 1058
The Hamiltonian of the DEV model is 1.2 ' 8 {os7

=t X (Ca* Gtia) ~ 22 8§~ 23S S 1 ) {056
i) a @ 0.8 joss |
-BX (8,5, &) ams Josa ®
————————— J0.53

Wherec andc;, are the creation and destruction operators 0.4
for an eIectron with spim at sitei, s= (1/2)c 0 osCip is the 1082
electronic spin, an@; is the spin of the IocaI moment with 02 10.51
magnitudeS. The Heisenberg interactiodg take the values ol 05
Jor —nJ, as described in Fig.(&). This model will be solved (@)
at zero temperature to lowest order inSLTo guarantee that
the contributions to the SW frequencies from DE hopping 3.5r T T
and from the Heisenberg interactiods are of the same or- '
der in 1/S, t is considered to be of the same order irSh5 3f
J4S, JS, andBS (although their relative values can be quite [
differen®). Thus, the dimensionless parameters of the DEV 2.5
model aret’ =t/JS, 5, B'=B/JS andJ,/JS To lowest or- :
der in 1/S, the magnetic fieldB only couples to the local Do/ JS 2F
moments. While the theory developed below can be ex-
tended to treat all values of the Hund'’s coupling, for simplic- 1.5F
ity we shall consider the limit of largé,S or in dimension-
less termsJy/JS>1 andJyS/t>1. 1

To solve this model, a Holstein-Primakoff expansion is
first performed within the rotated reference frame of each 0.5
spin: §,=S- a,a1 S+ \ZSa, andS —\ZSarT In terms of
electronic creation and destruction operat?r:i}lej and in ®)

the rotated reference frame of the local moments, the zeroth-
order term(in powers of 1/\S) in the Hamiltonian can be FIG. 2. (a) The angle®, and 6, of the local moments, the total
written asHy=E,,+H}, where to lowest order itV J,S, local magnetizatiorM /S, the fractionf, of the electrons on tha
1 sites, andb) the SW stiffnesses fop=0.66, »=3, andB=0 vst'.
En,= =NJS{- cos ¥, + 7 cos X, — 2 cos(6,— 6,)
2 tion but only from /2 to 7/2 in thek, direction due to the
- B'(cos 6, + cos 6)}, 2) reduced symmetry.

In the limit of largeJyS, the zeroth-order enerdy,=E,
+(Hy,) can readily be minimized with respect to the anglgs
and 6,. Whent=B=0, 6,=36, for all . For a fixeds and
B’, the equilibrium angles decrease with increasih@nd

E{Eﬁa (- JSa — 2t cosk, cos 6,) + ¢ Tef)

X (= JSar = 2t cosk,cos ) ~ (C e 6,<36,. The phase boundary between the CAF and FM
+ T2t cosk, cos[ (6, — 6,)/2]}. 3) phases satisfies the condition

Here, the lattice constant is set to 1 amd +1 corresponds B’ =27+ 4+ 35 J4S - 2\(1 + )* + (1 +EJ8IS)* =

to spin up or down in the local reference frames. (6)

The electronic HamiltonianH,, is easily transformed

into the diagonal formH,=%, ., (r)d“”df(r) by the rota- WhereE=—~((€)+(&”))/2>0 is the average kinetic en-
tions  Cf )—uk )d<a>+u<b>d%b and c"= %gd(a) u(a)dkkfz, ergy of the electrons in the FM phase. I1'Em0.66,7z:_3, and
where E(kr)__JHSa+ r a)2 1 u(b =[1+(cos 6, B—O,. the _dependence of the equ_rlrbrrum angled’ois pI_ot-

ted in Fig. 2a). Also shown is the average spiV
=S(cos #,+cos 6,)/2 of the local moments.
& = —t cosk,(Cos 6, + COS f) F tw, (4) Surprisingly, the electronic occupation of theandb sites
are different with most of the electrons sitting on thsites.
W = \r“’(COS 6,— cos Hb)ZCOSZKX+ 4 COSZ[(Ha— gb)/Z]Coszky_ The fractionf, of such electrons, also plotted in Fig@a®

5) has a maximum of 0.58 &$— 0 and approaches 1/2 #s

—t,~21.2. This behavior is easy to understand: the largest
The ¥ signs refer to the=a andb bands, respectively, and angles between neighboring spins are alongxtexis be-
the first Brillouin zone extend from#to 7 in the k, direc-  tweenb sites with angles differing by @. When an electron

—cos f,)cosk,/w,]/2,

012403-2



BRIEF REPORTS PHYSICAL REVIEW E0Q, 012403(2004)

o/JS

0 == 0
(1,0) (0,0) (0.1)
(ke/m. /)

FIG. 3. The SW frequencies f@=0.66, =3, B=0, and various values a@f. Different energy scales are used on either side=0d. In
the inset, we plot the FS far=9.8 (solid) and 10.2(dashegl on either side of a narrow region of phase separation.

hops onto & site, it cannot easily hop to othbrsites and so  operators for the total spi§; ;,,=S;+s;, we perform the uni-

quickly moves onto a neighboriraysite, where it can readily tary transformatiotf H' =e"YHeV, whereU is constructed to

travel between othea sites with angular difference @  satisfy[U,Hy]=H;. To lowest order in 1%, a trace over the

<26, Hence, the noncollinearity of the local moments quiteFermion degrees of freedom yields the modified second-

naturally produces a charge-density wa@®W) with a sub-  order HamiltonianH,=H,+[U,H,]/2 for the SW operators

stantial amplitude. A CDW with the same period as the oneonly:

predicted here has in fact been observed in the insulating

phase of Ry/CaaMnO;.52° Hy =383 {aTad Al + (ala? +a'a® B ). (7)
Another surprise is that phase separation occurs within a kr.s

narrow range oft’ around 10.0. Phase separation is easilyt js then straightforward to diagonalize) to obtain the

seen in a plot of fillingp versus chemical potential as @ mode frequenciesy. The torque terms discussed above are
discontinuity Ap in p(u). It appears at fixegh as jumps in required to preserve rotational symmetry and the relations
the equilibrium angles), and electron fractiorf,. Like the  , ' =B andwy=0 in the CAF phase.

Pomeranchuk |nStab|||g9' in the two-dimensional Hubbard In the FM phase, the SW frequency is given by the ana-
model, the phase instability in the DEV model occurs closgytic result

to a Van Hove filling and is marked by a change in Fermi-

surface(FS) topology from closed to open, as shown in the @x=B+JY3~ 7+ (5 1)cosk,]+ E(2 - cosk,)/4S

inset to Fig. 3 where the FS is sketched for values’ ain _ e 201 _ 2 2

either side of the phase-separated range. tFed0.2, the ISV + 7)1 - cosky® + 4(1 + EJ8IS) coszky.
extra electrons in the neck of theFS aroundk=0 are can- (8)

celed by the holes in the FS arounck=(m,7/2). However,  an AFM component develops when,=0, which yields the
the phase separation is extremely weak and for the paramgzme condition for the phase boundary as @&y For the
eters in Fig. 2Ap~0.003. o FM phase, the SW stiffness obtained from the long-
As sketched in Fig. (t), the equilibrium angleg for the  \y5yelength expansiomy ~ B+D} JC+ Dimki is simply the
electrons are not equal to the anglef the local moments gy of the DE and Heisenberg contributio,,= Eye/ 8S
except whenl,S/t=o. For finite J,S/t, ¢, <6, as the elec- +J91-7)/2 and DY, =E/8S+JS For J=0, these results

trons try to align their spins as much as possible. In the Iimitagree with the SW frequencies of the DE model first ob-
of large Hund’s coupling 6, -, >t/J,S and the electrons inaq by Furukaw&

always exert a small torque on the local moments. Hence, the |, ihe CcAF phase, the SW frequency and stiffness must be
relationships given above faf) In terms ofd?, should con-  gojyed numerically. Whet=0, our results agree with Saslow
tain admixtures of opposite-spin terms such  asyng Erwird4 for the generalized Villain model. Results for
(t/JHS)dﬁQ,_a, where Q=(m,0) is the AFM Bragg vector. are plotted in Fig. 3 fop=0.66, =3, B’=0, and various
Since(sy) > sin(6,— ), these new terms produce a correctionvalues oft’. Above the phase-separation region arowhd

to the Hund's coupling -%,S;-s that survives in thel;S  ~10.0 but belowt,~21.2, w, develops kinks that corre-
— oo [imit. spond to transitions across the neck of theFS (Q-k

After diagonalizing the band HamiltoniaH, the full ~ ~0.14#X for t'=10.2 and the length of th& FS (Q-k
Hamiltonian can be expanded as a power series ¥81H ~0.31xX for t'=10.2.

=Hg+H;+H,+- -+, whereH, contains the torque terms and is  As plotted in Fig. 2b), the SW stiffness in th& direction
linear in the boson operatoag). To eliminate this first-order reaches a minimum at, above which botiD}, andDY, are
term and to express the Hamiltonian in terms of the true SWinearly increasing functions of . The stiffnesses in th&
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and ¥ directions cross in the region of phase separationfor the FM region®® is exceeded when the electrons delocal-
where the SW’s are isotropic in the long-wavelength limit.ize, then the jump in the SW stiffness will coincide with the
Notice thatDJ}, increases by roughly a factor of 2 Hsin-  metal-insulator transition. Otherwise the metal-insulator
creases from zero tg and the system transforms from a transition will occur at a slightly higher field.

CAF with a CDW into a FM. Because it requires two sublattices with filling 0.5, lo-

By contrast, the effect of a magnetic field is quite differ-c31  CE-type AFM ordering in the manganites
ent. Af_ter a sudden inc_rease of the SW_stiffness for_veryprO_GC%AMnoaa,zo and La /Ca, sMnO523 would be simpli-
small fields that occurs in any CAFthere is a gradual in-  fieq if the polaronic regions were rich in holes and poor in
crease irDg, and decrease iDg, asB increases t@.. FOr  gjactrons, The DEV model provides a natural explanation for
t'=3 and»n=2, Dg, drops from 1.4SatB=010 0.54SatB..  this hehavior, since the electronic fraction brsites is sub-
Afield also very quickly eliminates the region of phase sepasantially smaller than the fraction ansites as the electrons

ration. o _ _ __avoid regions with more pronounced AFM order.
These results clearly indicate that the jump in SW stiff- 14 conclude, we have studied the effect of AFM interac-
ness observédn Py Ca MnO; at a field of 3 T cannot be yjons on the magnetic order and SW dynamics of electrons

produced by simply aligning the AFM regions while keeping jnteracting with the local moments of a generalized Villain

the bandwidth + fixed. The identical resistivities in the model. This model contains rich phySiCS that provides insight

metal-insulator transition produced by either a magnetic field i, the sW dynamics of any itinerant system with compet-
or x ray$* suggest a common mechanism: the excitation Oﬁng FM and AFM Heisenberg interactions.

charge carriers out of polaronic traps formed by the electron-
lattice coupling. The doubling dbZ;, found in Fig. 2b) pro- This research was sponsored by the U.S. Department of
vides strong support for this scenario. Since the integrate@nergy under contract DE-ACO5-000R22725 with Oak
optical weight is proportional t&,.~t, the jump in the hop- Ridge National Laboratory, managed by UT-Battelle, LLC.
ping energy at 3 T should be reflected in the optical conducConversations with Dr. A. Chernyshev, Dr. J. Fernandez-
tivity. Measurements by Okimotet al® on Pg ¢(Ca, MnO; Baca, Dr. M. Katsnelson, Dr. N. Furukawa, Dr. W. Saslow,
do reveal a large increase if(w) and a rapid drop in the Dr. R. Wood, and Dr. A. Zheludev are happily acknowl-
CDW gaps near the critical field. If the percolation thresholdedged.
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